The paper briefly reviews current scientific publications related to machining of difficult to cut materials and finite element modelling methods (FEM) applied in various chip making processes. Simulations of the orthogonal machining process with regard to define optimal cutting parameters as well as cutting wedge geometry in hole making TiAlN alloy was performed according to test plan based on design of experiment (DoE) methodology. The numerical simulations were performed using commercial finite element software (AdvantEgde), which is suitable to solve complex thermo-mechanical problems occurring in cutting zone during chip making process. A Lagrangian finite element-based model is applied within simulation procedure. Results from experimental simulation were evaluated by main effect and surface response plots.
introduction
In modern manufacturing industry it is essential to produce under low costs and high quality of products in a short time. It is well known that cutting tools are subjected to high stresses by modern machining technologies, like dry machining, high-speed machining or high-performance machining [1] . Moreover, the requirements in quality of the finished product, decrease of costs, flexibility, reduced times of production, productivity, capacity to process new materials and miniaturization are among others. [2] , [3] . High material removal rate, high cutting parameters requires high tool performance. Therefore, the geometry of the cutting edge, and its preparation, play a significant role on the performance of a cutting tool when machining widely used or difficult-to-machine materials [4] , [5] . Ti6Al4V titanium alloy is often used not only in the aircraft industry due to the good compromise between mechanical resistance and tenacity, together with its low density and excellent corrosion resistance. However, this material is known to be difficult to machine. One of the reasons is due to its low thermal conductivity which gives rise to high pressures and temperatures at the tool-chip interface, a plastic instability localized in adiabatic shear bands, tool wear by thermal fatigue and diffusion. [6] , [7] , [8] . In order to increase productivity and tool life in the machining of titanium alloys, it is necessary to develop a reliable FE model for conventional cutting speed regime. To accurately analyze this process using numerical methods such as Finite Element Analysis (FEA) the knowledge of material constitutive behaviour under these severe loading conditions is a pre-requisite. Finite element analysis is preferred than the laborious experimental work in order to save time and cost. Researchers have previously concluded that the results obtained from finite element analysis stays close to the experimental results. Kumar [8] concluded that, as the included angle between the cutting edges decreases, the wear depth and cutting forces are getting reduced. i. e. when the shape is changed from 90° to 55°. Sasahara et al. [9] used finite element method to develop a process model and investigated the effects of corner radius and feed rates in a face turning process. Their results showed that residual stresses changed from tension to compression as feed rate decreases and as the corner radius become smaller. Yung-Chang Yen et all. [10] has shown how various tool geometries like round/hone edge and T-land/chamfer edge affects process variables, while machining AISI 1020 by uncoated cemented carbide using FEM cutting simulation. Matsumura et all. [11] presented hybrid simulation of drilling to save the time for analysis. In the hybrid simulation, the FE analysis is conducted in a 2D model determined by the energy analysis for the cutting force prediction as well as for surface quality. Selected results of experimental and simulation processes for cutting forces are illustrated in Table 1 when machining titanium alloy Ti6Al4V.
This paper presents the application of Finite Element Method (FEM) to study the effect of tool geometry and cutting conditions of uncoated carbide cutting tool WC/Co (rake angle, cutting edge radius) on cutting force (Fx, Fy) and temperature (T) in the orthogonal machining process of titanium alloy Ti6Al4V, under dry cutting conditions when using machining parameter variables cutting speed and feed.
Experimental setup and simulation Methodology of advantEdge
One of the important parameters in the orthogonal metal cutting process is the rake angle between the face of the cutting tool and the plane perpendicular to the cutting direction [9] . The effect of cutting edge radius and rake angle on the cutting force and temperature has been studied. A Lagrangian finite element-based model is applied in the simulation of cutting forces and temperature in two-dimensional orthogonal metal cutting of titanium Ti6Al4V alloy. Chemical composition of the titanium alloy is listed in Table 2 . The simulations were performed using Third Wave AdvantEdge Systems software. The cutting tool material employed was cemented carbide grade K (WC/Co). The initial temperature for the work piece and tool is set as 20°C (room temperature). Coefficient of friction was set to 0.5 by default. Machining parameters (cutting speed and feed), and cutting tool geometry (rake angle and cutting edge radius) were considered as variables. Machining parameter such as clearance angle (a) and depth of cut (doc) were kept constant at 10° and 1mm, respectively. The input values to simulation process are given in Tab. 3. Design of experiment (DoE) is a powerful statistical method for determining the unknown properties of the machining parameters in the experiment process and for analyzing and modeling the interaction among the factors. Taguchi method also allows controlling the variations caused by the uncontrollable factors which are not taken into consideration at conventional design of experiment [8] , [17] , [18] .
In this study, machining experiments are planned using Taguchi L9 (3 4 ) orthogonal array with output characteristics of cutting forces Fx and Fy and temperature T which were obtained by means of FEM simulations listed in Table 5 . Experimental tests are conducted by considering four machining parameters: cutting speed, feed, cutting edge radius and rake angle at three levels as shown in Table 4 .
results and discussion
Analysis of simulation output parameters was performed in Tecplot 360 software. Statistical software Minitab 16 and Matlab R2012 was employed to process and evaluate of experimental data. The experimental results based on the orthogonal array are then transformed into analysis of the Main effect of means to evaluate the performance characteristics. Finally, the desirability function approach is used in the optimization of multiple-response surfaces through RSM method.
Values of cutting forces in X and Y directions and temperature were obtained at varying cutting conditions as listed in Table 4 . Fig. 1 shows the plots of feed force Fx and cutting force Fy of Exp. 3 and Exp. 5, respectively. The maximum achieved feed force and cutting force were approximately 290 N and 271 N, at Exp. 3 and Exp. 5, respectively. Fig. 2 shows the temperature distribution on tool edge of Exp. 3 and Exp. 5, respectively. The maximum achieved temperature were approximately 1065°C at Exp. 9. The largest peak temperature achieved in Exp. 9, it is attributed to adjusting cutting speed vc = 120 m/min and feed f = 0.15 mm, which represents the highest value. 
Analysis and evaluation of results using taguchi design
The values of the significant factors for feed force Fx, cutting force Fy and temperature T were given in the Table 6 , 7 and 8 and Fig. 3 can be used to estimate the mean cutting force and temperature with optimal performance conditions. Two factors were found to be significant in both Fx and Fy for Response table for Means analysis that is feed and cutting edge radius, which gave the smallest cutting forces values. Two factors were found to be significant in temperature T for Response table for Means analysis that is cutting speed and feed, which gave the smallest temperature values. To determine the interaction effects of machining parameters on cutting forces and temperature, the individual input parameters were ranked. Response table for Means and ranked factors for cutting force Fx and Fy and temperature T are listed in Table 6 , 7 and 8, respectively. The presented values ( When feed force Fx is considered, from Tab. 6, the feed is listed to have a strong effect on feed force Fx. The second significant parameter is cutting edge radius. The other two examined parameters like cutting speed and rake angle have no significant effect on feed force. From the response table for means analysis, the optimal cutting parameters for feed force Fx were determined as f1 = 0,05 mm, rn1 = 20 µm, vc3 = 120 m/min and g1 = -15°, respectively.
When cutting force Fy is considered, from Tab. 7, the cutting edge radius is listed to have a strong effect on cutting force Fy. The second significant parameter is feed. The other two examined parameters like rake angle and cutting speed have no significant effect on cutting force. From the response table for means analysis, the optimal cutting parameters for cutting force Fy were determined as rn1 = 20 µm, f1 = 0,05 mm. vc3 = 120 m/min and g1 = -15°, respectively.
When temperature T is considered, from Tab. 8, the cutting speed is listed to have a strong effect on temperature T. The second significant parameter is feed. The other two examined parameters rake angle and cutting edge radius have no significant effect on temperature. The optimal cutting parameters for temperature T were determined as vc1 = 30 m/min, f1 = 0,05 mm, g1 = -15 ° and rn1 = 20 µm, respectively. Fig.3 shows the main effect plot for Means of cutting forces Fx, Fy and Temperature T, respectively. Main effect plot for Means (Smaller is Better) shows the sharply slope towards to the biggest value at feed and cutting edge radius, which have the most significant effect on feed force Fx and cutting force Fy), respectively. The results further indicate that increasing of feed increases the feed force Fx while for cutting force Fy increases with increasing cutting edge radius. However, cutting speed and rake angle has no significant effect on the cutting force Fx and Fy. 4 shows sharply slope towards to the biggest value at cutting speed, which have the most significant effect on temperature T. The second significant parameter is feed. Note that cutting edge radius and rake angle has no significant effect on temperature T.
The 3D response surface plots for feed force Fx, cutting force Fy and temperature T are shown on Fig.5 . As the model is adequate these 3D surface plots can be used for estimating the cutting force and temperature for the any suitable combination of the input parameters namely cutting speed, feed, cutting edge radius and rake angle. It is clear from Fig. 5 that the feed force Fx decreases with decreasing cutting edge radius. Minimal values of feed force Fx can be obtained with a smaller feed, and cutting edge radius has smaller significant effect on feed force Fx. Results revealed that smaller value of cutting edge radius decreases value of cutting force Fy, while the cutting edge radius has the most significant effect and feed has smaller significant effect on cutting force Fy. The results further indicate that increasing of cutting speed increasing the temperature T, while the feed has less significant effect on temperature T are shown in Fig. 5. 
conclusions
This paper focuses on Taguchi method and response surface methodology (RSM) for investigating of influence of the cutting parameters on the cutting forces and temperature when orthogonal cutting of titanium alloy Ti6Al4V. In the simulation, different cutting speed, feed, cutting edge radius and rake angle values are used. Results were evaluated using the analysis of main effect graphs of means (smaller is better). Optimal operating parameters are determined using the Taguchi 
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